Abstract-The re-emergence of two-phase bipolar dc distribution network, which utilizes the neutral wire for efficient distribution, has spurred research interest in recent years. In practice, system efficiency (power loss) and voltage unbalance are major concerns for the planning and design of the two-phase dc bipolar network. While most of the existing methodologies are power electronics solutions, there are very few works on resolving the problem from the power system perspective. This paper proposes a model-based optimization method by first formulating the power flow model for two-phase dc bipolar network using the single line modeling technique and nodal analysis. Second, a binary integer load distribution model is proposed to consider the re-distribution of unipolar loads across the two unipolar distribution poles. Together with the power flow model, the system power loss and system voltage unbalance indices are formulated as a binary integer quadratic model. Third, a multi-objective optimization model is formulated and solved using the weighted sum approach. The proposed method is applied to a dc LED lighting system design, which considers both voltage unbalance and power loss. Using a 15 bus single source and a 33 bus multi-source network as case studies, the developed power flow model is validated with very high accuracy. Compared to existing iterative methods, the proposed model-based approach is able to significantly improve the voltage balancing across the distribution system. Index Terms-2-phase DC network modeling, binary integer, DC bipolar distribution system, DC LED lighting system, optimal load distribution, voltage unbalance.
I. INTRODUCTION

A. Background and Literature Review
I N THE last decades, the centralized AC power system was an effective means for electricity generation and delivery. This is because the AC voltage can be easily stepped up using a transformer and AC power can be transported over long distances efficiently. However, as power electronics technology advances over the years and together with the rise in use of DC distributed energy resources (DERs) such as solar photovoltaic, fuel cells and battery energy storage devices, which are inherently DC energy sources, DC systems re-emerge in distribution power networks.
A DC distribution system can be constructed as a unipolar or bipolar system. A unipolar LVDC distribution system has only one voltage level with two wires while a bipolar LVDC distribution system is a 2-phase system with three wires [1] . The bipolar architecture is an emerging energy efficient DC system architecture that uses the neutral wire for power distribution purposes [2] . It allows for twice the power distribution with half the additional cable installation cost. Furthermore, a bipolar architecture has a lower line-to-ground safety risk because the interfacing neutral point is grounded and this halves the maximum DC line voltage with respect to ground [3] . Other advantages of the 2-phase DC bipolar architecture include the flexible selection of multiple DC voltage level for efficient operation [4] and higher system reliability. In the case of a 2-pole fault, the loads can be reconfigured to be powered by the non-faulted operating pole [5] .
However, the DC power systems also suffer from several deficiencies such as 1) the power imbalance among power sources and loads, 2) the voltage flickers, 3) the unstable bus voltage oscillation due to constant power loads, and 4) the bus voltage fluctuation due to intermittent renewable power generation [6] .
The issue of power imbalance among multiple DG sources, and between sources and loads on DC power system has been reported in [7] and [8] . The accuracy of the power flow results is reported to be higher when the power flow equation is considered together with the droop control and virtual impedance [9] . The use of distributed DC electric spring for demand management of non-critical loads is reported in [6] as one possible solution to voltage fluctuations and power balancing. The above works examine the issue of power balance from the control and power electronics perspective without power flow model of the DC network.
As a basic steady-state analysis tool, power flow analysis is essential to get the overall view of the system in the design and operation of DC power systems so that network optimization can be carried out in the planning stage [10] . Conventionally, power flow is modeled by nodal voltage analysis of the P and V buses in DC system [11] . However, due to distinct features between power transmission and distribution systems, conventional methods for power flow analysis are becoming no longer suitable at distribution level [9] . Specific to distribution systems in built environment which have multiple slack buses, one limitation is the presence of voltage-only measurements due to direct integration of DC energy sources [12] . Another technological advance is such that the DC network may experience grid islanded operational mode due to the direct integration of DC energy sources [13] . As a result, with the above distribution network characteristics, the power flow model has to be robust to account for 1) voltage-only measurement of the DC energy sources, 2) grid islanded operation and the effects of connection and disconnection of DC energy sources.
Besides, most of the existing works on DC distribution modeling is based on the unipolar DC architecture [14] , [15] . There are limited references for bipolar DC architecture [2] . Reference [16] models the bipolar DC architecture at transmission level using a state space linear algebraic approach with a focus on dynamic analysis. This work is in [17] for fault analysis using the symmetrical method proposed in [18] . References [12] and [19] report that single line modeling technique is not suitable to model the bipolar DC architecture directly. Reference [12] decomposes the bipolar DC architecture and models the network using a backward-forward iterative methodology, and has successfully been validated against the nodal voltages of an actual mockup DC LED lighting system. Reference [19] decomposes the architecture into its sources and physical network layer and minimizes the locational marginal price together with the current characteristics in the neutral cable. Yet still, there are very limited works in modeling the bipolar DC architecture at distribution level with a focus on steady-state analysis.
The 2-phase bipolar DC architecture is energy efficient due to the opposite directional flow of current in the positive and negative poles distribution system in the neutral cable [18] . This results in a smaller net current flow in the neutral cable. However, in the case of asymmetrical loading in both positive and negative distribution poles, the voltage drop across the neutral cable is not constant and this results in voltage unbalance across the 2-phase DC bipolar distribution network. While existing literature, such as the distributed DC electric spring, focuses on regulating the voltage drop [6] , it is not desirable for cases looking at minimal hardware investments such as the DC LED lighting system in [20] , [21] .
Voltage unbalance is a power quality index [22] and it affects the efficiency of the system design during power system design and planning stage [23] . Also, voltage unbalance is caused when the voltage drop of the positive rail and negative rail are not equal [17] . It results in current flowing in the neutral grounded conductor which is not allowed because it causes corrosion [1] .
Existing methods for managing voltage unbalance have been developed from the perspective of the control aspect of power electronics which is similar to the mitigation in AC systems using active filters. However, the power-electronics based solution requires additional hardware investments and it may reduce the load efficiency which reduces the overall system efficiency. As such, for cost-effective reasons, to manage voltage unbalance, the perspective of power system planning and operation should be taken. Existing methodologies in the literature converge to the following: 1) Reduction in the net current in the neutral distribution cable due to the distribution of the unipolar DC loads from the: 1) power electronics perspective [24] and [25] or 2) power system perspective using backward iterative method [5] . 2) Use of voltage based measurement such as: 1) Redistributing the power consumption of the loads using energy storage systems when the localized voltage is out of the voltage balance range [26] ; 2) Adjusting the interfacing DC voltage when the localized voltage is out of the voltage balance range [27] ; 3) Distributing the loads by considering the non-negligible voltage drop based on voltage measurements using backwards iterative method [12] . 3) Use of locational marginal price to reduce congestions between the two phase distribution iteratively [19] .
B. Problem Descriptions
In the review of existing literature, there are a few limitations towards the voltage balancing methodologies.
1) The use of net neutral current for analysis does not take into account of the effects of voltage drop due to the distribution of bipolar DC loads. This is analogous to voltage unbalance between single and 3-phase loads in AC networks [28] . 2) The existing methodologies mainly utilize iterative method such as the backward-forward sweep for analysis. The iterative method is designed for simple radial distribution systems and is popular due to its intuitive solution procedure [29] . However, one main disadvantage of iterative methods is that the relationships among components are built by a direct observation. If the network is large, the preparation can be difficult, as can be observed in [9] , and prone to errors or when the observed network is non-observable such that the numbering of the "parent node" and "child node" arrangement is not easily constructed, iterative methods are not applicable [30] . One example of non-observable network architecture is the ladder architecture when power sources are integrated at the opposite ends of a radial distribution [13] . Furthermore, the existing literature models the load as a single aggregated entity of different types [31] . At distribution level, a few characteristics of the distribution system are observed as follows: 1) The network resistance to inductance ratio is high [9] such that it is highly resistive and the voltage drop can be large [12] and 2) The loads are distributed along the same distribution line [12] . Consequently, due to the distributed arrangement, reference [32] proposed an analytical approximated approach to model the power losses in a linear distribution system. However, there is still a gap towards the modeling of power losses in a bipolar DC distribution system. Therefore, the existing methodologies may not be suitable for larger scale non-observable highly resistive distribution network with certain distribution network characteristics such as voltageonly measurement of the DC energy sources, grid islanded operation and the effects of connection and disconnection of DC energy sources. Furthermore, there are limited research works in modeling the bipolar DC architecture at distribution level with a focus towards steady state analysis.
C. Contribution of This Paper
The major contributions in this paper are summarized as follows:
1) A power flow model of the 2-phase bipolar DC network is developed and validated. The methodology decomposes conventional nodal analysis equations into the load and source voltage components. The highly resistive bipolar DC grid is then decomposed and nodal analysis is performed for each distribution line. The power flow model is developed considering different types of loads such as positive and negative rail unipolar and bipolar DC load. The mathematical model results are then compared with the simulated results using Matlab Simulink. The developed power flow model is highly accurate with an error of the order of magnitude of 10 −5 as seen in the nodal voltages of the 15-bus radial network. Compared with the existing iterative methods, the proposed power flow method is able to model the nodal voltages with high accuracy of order of magnitude of 10 −4 error without having to determine the parent and child nodes in a multiple DC power sources complex network using a 33-bus case study. 2) A binary integer load distribution model is developed to distribute the unipolar DC loads to either of the 2 distribution phases. The binary integer distribution model is used to formulate a binary integer quadratic function for minimizing system voltage unbalance or system power losses. 3) A binary integer quadratic weighted sum multi-objective optimization method is then developed to optimally determine the optimal distribution of the DC loads to either of the two phases for minimizing both system voltage unbalance and system power losses. is balanced and can be carried out with reasonably fast solution speed.
II. BASIC MODELING BIPOLAR DC NETWORK
The bipolar DC network studied in this paper has the following characteristics: 1) Both positive and negative rail power sources are integrated at every source node; 2) The bipolar and unipolar loads are unidirectional; 3) The network is highly resistive; 4) There are no additional interfacing power converters for voltage regulation purposes.
A. Power Flow Model
The labeling of the network nodes is divided into two components, mainly the source and load nodes. The nodes are indexed from 0 to n to m . The voltage node of the grid interfacing converter corresponds to the "slack" node. It is indexed as node 0 (i = 0). The corresponding n number of nodes is the load nodes in running order with node 1 the closest to the interfacing converter. The remaining n + 1 to m number of nodes is the remaining source nodes. The conventional conductance representation between node index i and j, g ij , remains the same representation.
In a bipolar DC network, a node is created when a DC source is integrated or a DC load is distributed across either of the unipolar or the bipolar distribution pole. As a bipolar DC network consists of 3 distribution cables, the bipolar DC network is decomposed and nodal analysis is carried out for each of the distribution cables. As such, G +/N /−(i,j ) represents the cable conductance of positive, neutral and negative pole cables between node i and j respectively. V +/N /−(i) represents the voltage node of positive, neutral and negative pole at node i while I +/N /−(i) represents the output current at node i, respectively. Using the convention of positive reference current direction as out of the system node, the positive pole load draws current from the positive pole node and returns via the neutral pole node, the negative pole load draws current from the neutral pole node and returns via the negative pole node and the bipolar load draws current from the positive pole node and returns via the negative pole node. I p/n/b(i) represents the positive, negative and bipolar pole distribution load current at network node i. Fig. 1 shows the above mentioned descriptions of the nodal current and network voltage representations using a 2-node system as an example.
For the nodal analysis on each single line modeling, without the loss of generality, (1) to (3) are used to model the relationship between the bipolar and unipolar load currents in linear algebraic form with the 2-phase bipolar DC network.
where I p/n/b and V p/n/b represent the current and voltage vectors of positive, negative and bipolar load in the bipolar DC system, respectively. I +/N /− and V +/N /− represent the current and voltage vectors of the network nodes in the bipolar DC system, respectively. G +/N /− represents the conductance matrix with the conventional representation in a positive, neutral and negative distribution cable, respectively.
As the measurement of a positive, negative rail and bipolar rail voltage is taken as the difference between the positive and neutral pole, neutral and negative pole, and positive and negative pole node respectively. Taking the vector difference of (1) and (2), (2) and (3) and (1) and (3), the generic DC voltage vector for positive, negative and bipolar pole distribution can be modeled as V p/n/b . The distribution of bipolar loads is a form of splitting single phase voltages which are 180 degrees out of phase with reference to the neutral line and no current flows in the neutral cable. Furthermore, as the electrical network is usually multicore, the cable conductance for all the three cables between node i and j is the same, i.e., G = G +/N /− . As such, the power flow model for a 2-phase bipolar DC network, analogous to power flow for AC networks, can be expressed as (4) .
where I is the identity matrix. I p/n/b and V p/n/b represent the current and voltage vectors of positive, negative and bipolar load in the bipolar DC system, respectively. G represents the conductance matrix with the conventional representation. Unique to DC power systems, direct integration of DC energy storage system is plausible and the network can be operated in grid islanded mode under certain situations [13] . Unlike transmission level, at the distribution level, in carrying out power flow analysis, the primary known parameter of DC power sources is its voltage value. The power output is unknown [11] , [13] . Consequently, it is necessary to incorporate such phenomenon into (4). As such, the power flow model in (4) is decomposed to its load nodes and source nodes in (5) and (6) with the voltage measurement as the main parameter for the DC energy sources. The detailed description of decomposing (4) to (5) and (6) T . As DC sources are integrated at both the positive rail and negative rail, the source conductance matrix can be re-expressed as
, with G 1 represents the conventional representation of self-conductance and cross-conductance of each distribution cable excluding the sources and their network conductance, i.e., g ij = g ji for i = j g ii = − n j=1 g ij ., for 1 < i < n and 1 < j < n. The diagonals of the source conductance matrix G s,l , represents the cross-conductance of the distribution cable between the source and the load nodes, i.e., g ik = g ki = 0 for i = k, with 1 < k < n, i representing the load node and l the source node and g ii = g il , with 1 < i < n and l = 0 or n + 1 < l < m.
B. Load Model
DC loads are usually integrated with power electronics converters which behave like a constant power load [33] . While there are different load models in the literature [34] , their behavior is complex in nature and they do not have reactive power, this paper uses the polynomial active power ZIP load model to model the DC loads [35] . The load model can be defined as (7) .
where P and V represent the input power and voltage of the load and P 0 ,a 0 , a 1 and a 2 are the coefficients the parameters of the model which depends on the actual load composition and load study.
In this paper, the load model is a voltage-dependent load model as described in [36] . Based on the ZIP load model in (7), it can be reduced to (8) such that it is a linearized voltagedependent load with a 0 = 0. The equation can be represented in linear algebraic form as (9)
where P 0 a 2,p/n/b and P 0 a 1,p/n/b represent the matrices of the linearized load parameters for a positive, negative and bipolar role distribution load, respectively.
III. OPTIMIZATION-BASED MODELING
A binary integer load distribution model is developed to model the distribution of unipolar DC loads to either the positive or negative distribution pole of the 2-phase bipolar DC network. It is used with the power flow model to develop system voltage unbalance and power loss model for multiobjective optimization for the planning of 2-phase bipolar DC network.
A. Binary Load Distribution Model
In the 2-phase network, while a bipolar load is distributed by the bipolar pole, the unipolar loads can be distributed to either of the positive or negative pole distribution pole. As voltage unbalance occurs due to the serious asymmetrical loading of the unipolar loads, the unipolar loads are re-distributed into 2 sets of load at roughly similar power levels defined as I u and I v such that serious asymmetrical loading does not occur as shown in Fig. 2 .
As the load re-distribution involves 2 distribution poles, a binary integer is used to model the selection. By convention, a binary integer of 1 implies the distribution of the load current to the positive pole while a binary integer of 0 implies the distribution of the load current to the negative pole. As such, in the positive distribution pole, a binary integer of 1 on the current set I u to the positive pole implies a binary integer of 0 on the current set I v . The opposite is true for the negative rail. In vector form, the binary distribution vector X on one of the current set vectors, I u and I v , implies the distribution vector of (1 − X) onto the other set. The resulting unipolar load vector across the positive and negative distribution pole can be defined as the following (10) and (11), respectively.
Equations (10) and (11) can be re-expressed into linear algebraic form in (12) . The linear algebraic equation is a linear dependent function of the distribution binary vector X. 
where I is the identity matrix. I p/n/b are current vectors representing the positive, negative and bipolar pole load current. I u and I v are the load current vectors representing two sets of roughly similar power levels. X is the independent vector representing the binary load distribution selection of 1 and 0. 1 represents the selection of the I u and I v to be distributed to the positive rail while 0 represents the distribution to the negative rail.
B. System Power Loss Model
Without the loss of generality, the system power loss model for bipolar DC network is modeled as the summation of the squares of the distributed load currents with the network resistance. Mathematically, it can be represented in linear algebraic form as (13)
where [ I + I N I − ] L T represents the load nodes network current, respectively, and G L as the same representation in (5). Substituting (1) to (3) and (10) to (12), the system level power loss model (13) is simplified to a binary integer quadratic model as shown in (14) with the matrices described in (15) . Vector X represents the binary distribution of the unipolar loads. The derivation of (14) is shown in Appendix B.
C. System Voltage Unbalance Model
System voltage unbalance represents the degree of asymmetrical loading in the 2-phase network. The system voltage unbalance is calculated by taking the summation of the square difference of both positive and negative distribution pole load voltages as shown in (16) . In the case of symmetrical voltage, the difference is zero. In vector form, it is represented in (17)
Reducing (17) using (1) to (3), (17) can be simplified to a binary integer quadratic expressed as (18) with the matrices described in (15) and (19) . The detailed derivation of (19) is described in Appendix C.
D. Flag Model
In analyzing the solutions, there are two cases which do not provide a unique answer, such that the binary vector X and (1 − X) gives the same results. The mathematical representation can be expressed as (20) and is used as a constraint function in the optimization algorithm.
Case 1:
As the current set vectors, I u and I v are interchangeable, without fixing the I u or I v , the binary vector X and (1 − X) gives the same results. As a result, a constraint is proposed such that the first unipolar load of I u is distributed in the positive rail. This fixes the starting value of the distribution vector X to 1 which solves the problem of interchangeable current sets. Case 2: The second case is when a system network node has the same load model in the set I u and I v . One example of such a case is when node is distributing only bipolar loads. As a result, the selection of 1/0 of the unipolar load current set affects the accuracy of the results as both gives the same value. Hence, to solve this problem, a constraint of value 1 is proposed at the node when the case of the same load model is identified in the system.
IV. MULTIOBJECTIVE OPTIMIZATION METHOD
A. Multiobjective Weighted Sum Method
This paper proposes a multi-objective optimization (MOO) method for simultaneously minimizing the power loss and voltage unbalance. The objective is to minimize the two indices, the system power loss and the system voltage unbalance index through weighted sum of them. The constraint taken is the flag model which discusses the cases when the dependent variable does not output a unique value.
In the weighted sum approach, weights are attached to each of the individual objective function. The functions of the attached weights are to normalize the indices to its per-unit value and to represent their relative importance with respect to each index.
In addition, a scaling factor is added to the system power loss objective. A large scaling factor implies that the system power loss is a large multiplier of the normalized value of the system power loss. It should be noted that the use of DC systems for distribution is mainly for higher energy efficiency and a large scaling factor implies high system inefficiency. The objective and constraints functions are formulated as (21) and (22), respectively.
where G[X] represents the MOO function and w 1 , n 1 , P L [X] and w 2 , n 2 , V un [X] represents the weight, normalised value and the model for system power loss and system voltage unbalance respectively. α 1 represents the scaling factor of the system power loss to indicate an efficient system design. The values used for normalizing the system power loss and the system voltage unbalance model, n 1 and n 2 are 15% of the rated load power and the number of nodes, respectively. The weight is set as 0.5 to illustrate the equal weighting of the considerations during power system planning of the bipolar 2-phase network. The scaling factor is selected to be within a conservative range from 0.8 to 2 to illustrate an energy efficient DC system design.
To solve a multi-objective programming model, another popular method is multi-objective evolutionary algorithms such as NSGA-II [37] and MOEA/D [38] . However, these algorithms usually need a very large number of generation and population number, thus considerable computing time; besides, they usually provide inconsistent solutions for multiple runs due to the random factors involved. Therefore, this paper uses the weightedsum method.
B. Solution Algorithm
In solving for the MOO model, the problem is divided into two parts. The first part is to obtain the load currents by formulating the matrices and solve the power flow equations for the bipolar DC network. The second part is to use the load current values and form the system power loss and voltage unbalance model and solve the MOO model with the constraint function using the flag model. The flowchart of the described solution process is shown in Fig. 3 and commercial solvers such as IBM ILOG CPLEX can be used in practice.
V. SIMULATION RESULTS
A. Case Study: DC LED Lighting Radial Network
One distribution network example that exhibits a highly resistive network, high voltage unbalance and a relatively nonnegligible voltage drop is the retrofitted extra-low voltage DC LED lighting system for high-rise buildings [12] . The DC LED lighting system can also be integrated with DERs to form a non-observable distribution network [13] . Subsequently, the DC LED lighting load is used as the main load model for the case studies. The DC LED lighting uses OSRAM DURIS S5 LEDs of array 7 series by 6 parallel, of total 7W, powered by the RECOM RCD-24 or RCD-48 DC driver. The empirical data measurement of the DC LED lighting load is given in Fig. 4 .
Using the linearized load model as the basic model, variations of unipolar or bipolar DC loads are obtained by varying the input power P 0 variable. The parameters of the different loads are given in Appendix D.
B. Power Flow Modeling Verification
The first case study is a 15-node 2-phase bipolar DC LED lighting radial network. The load model and electrical network parameters are shown in Appendix D. The electrical system diagram and load distribution are shown in Fig. 5 .
Two types of simulation are carried out for this case study. The first is the verification of the power flow mathematical model against the Matlab Simulink simulation model as the benchmark, and the second is the comparison of voltage balancing strategies with existing methodologies, which is discussed in the next sub-section.
In the verifying the power flow mathematical model, the initial binary distribution is used. Table I shows that the nodal voltage error between the mathematical model and the Matlab Simulink simulation model is within an order magnitude of 10 −5 . It can be shown in Fig. 6 that the phase voltages are not balanced under the initial binary distribution. The distribution voltage used is 24 V DC. Consequently, the following is seen: 1) The proposed power flow model is highly accurate, and 2) The voltage unbalance for each load node is not consistent across the system, as seen in Fig. 6 . The extra-low DC voltage LED lighting system is a suitable case study for the mathematical model verification and voltage balancing strategy comparison as the voltage drop across the system is non-negligible, up to 15% pu drop.
C. Voltage Balancing Strategies Comparison
The same linear network is used to compare the voltage balancing strategies between the proposed model-based optimization methodology and existing methodologies. The linear network is used because in existing methodologies, iterative methodology is used and is only suitable when the power flow is observable. The iterative algorithm of [5] and [12] are briefly described in Tables II and III respectively. For the proposed model-based optimization approach, the values used for normalizing, n 1 and n 2 , are 38.325 and 15, respectively for the discussed linear network case study. The weight is set as 0.5 to illustrate the equal weighting of the considerations during power system planning of the bipolar 2-phase network. The scaling factor is selected to be within a conservative range from 0.8 to 2.
The compared voltage balancing strategies are as follows: Case 1) Proposed MOO method with the following weights, w 1 , w 2 = 0.5 and 0.8 < α 1 < 2. Case 2) Base case study. Case 3) Backward forward sweep based on the absolute value of the rated current in the neutral wire [5] . Case 4) Backward forward sweep based on network voltage with consideration [12] . Case 5) MOO with the following weights, w 2 = 0, w 1 , α 1 = 1. Note that Case 1 represents a reasonable weightage for the power system planning while Case 5) represents when only the system power loss is considered. Table IV shows the binary load distribution solutions of the 5 abovementioned cases and Table V compares the system power loss and system voltage unbalance values of the corresponding cases. Fig 7 shows the balanced nodal voltages of the 2 phases after voltage balancing and Fig. 8 shows the plot of the indices of the load distribution solutions.
D. Case Study: A Larger 33-Bus System
The power flow model and proposed voltage balancing methodology are then tested on a larger system, a 33-bus system, using DC LED lighting system as the case study. The 33-bus system is used to illustrate the effects of non-observable power flow such that iterative methods are not easily applied and the effects of large systems on the voltage balancing proposed methodology. The 33-bus system single line diagram, load distribution and load power are shown in Fig. 9 . The load to load distance is set at 5 m. The electrical network details are the same as the linear system.
The nodal voltage errors of the 33-bus system are shown in Table VI where it can be seen that the mean error between the mathematical model and the Matlab Simulink simulation model is within an order magnitude of 10 −4 . This validates again the very high accuracy of the proposed power flow model for 2-phase bipolar DC network.
The proposed MOO methodology formulates the problem into mixed integer quadratic problem (MIQP). It is well known TABLE VII  COMPARISON TABLE OF INDICES FOR 33 BUS NETWORK   TABLE VIII  COMPARISON TABLE OF INDICES FOR 33 BUS NETWORK   TABLE IX  COMPARISON TABLE OF INDICES FOR 33 BUS NETWORK that MIQP has a computational complexity which grows exponentially with the number of optimization variables [39] . The simulation uses the values of w 1 , w 2 = 0.5, α 1 = 1, n 1 = 50 and n 2 = 33.
The compared performances of the binary distribution solution are as follows: Case 1) Proposed MOO method with the following weights, w 1 , w 2 = 0.5, α 1 = 1, n 1 = 50 and n 2 = 33; Case 2) Base case study. balancing planning for a 15-bus and 33-bus system. Using the 33-bus system as the case study, it can be seen from Table VIII and Table IX that the proposed model-based MOO method has successfully shown that the voltage across the 2-phase bipolar DC network is balanced and can be carried out with reasonably fast solution speed (note that the proposed method is mainly for system analysis and planning studies, so the computational time is not a major concern as long as the solution can be obtained in a tolerable time, e.g., several hours). Fig. 10 shows the nodal voltages of the balanced 33-bus 2-phase DC network.
VI. DISCUSSION AND CONCLUSION
This paper presents a power flow model for 2-phase bipolar DC power system and a model-based optimization methodology for designing 2-phase bipolar DC power system. The power flow modeling methodology considers the single-line modeling for the cables in the 2-phase DC network, the distribution of the load and formulates the power flow model. The model is iterated using the Gauss Seidel algorithm and shows highly accurate results compared to the Matlab Simulink results. Together with the power flow model and a binary load distribution model, a multi-objective weighted sum optimization problem based on system power loss and system voltage unbalance is formulated as a binary integer quadratic problem.
According to the simulation results, the following conclusion can be drawn:
1) The proposed power flow model is highly accurate with an error of 10 −4 V DC against the Matlab Simulink nodal voltages. Compared with the existing iterative methods, the proposed power flow method is able to model the nodal voltages with high accuracy of order of magnitude of 10 error without having to determine the parent and child nodes in a multiple DC power sources complex network as seen in the 33-bus case study. 2) In comparing between existing and proposed model-based voltage balancing strategies, the proposed methodology can reduce system voltage unbalance by up to 95%. As existing methodologies are based on iterative methods, the 15-bus radial network is used as the case study. The improvement of the results is due to the consideration of i) the effects of voltage drop from the distribution of bipolar DC loads and ii) the consideration of voltage balancing at the whole system level. The proposed methodology is then applied to a 33-bus system and is able to reduce voltage unbalance tremendously.
3) The proposed voltage balancing methodology is then extended to a 33-bus unobservable power network case study. The proposed model-based MOO method has successfully shown that the voltage across the 2-phase bipolar DC network is balanced and can be carried out with reasonably fast solution speed. 4) Comparing the MOO solutions of the 15-bus radial network, the power loss index of the network between cases 1) and 5) of Table V does not vary significantly. This is seen in the 15-bus radial network that before and after carrying MOO, the power loss reduces by 15%. However, comparing between MOO and power loss single optimization, the power loss reduces by less than 0.1% but the voltage unbalance doubles as seen in Table V . This is due to the presence of an upper bound to minimizing system power loss which arises from the rationale of energy efficient system design in using DC distribution. In the situation when the scaling factor α 1 is larger than 2, it implies that the DC power distribution system in inefficient.
One possible way to improve efficiency is to increase the DC distribution voltage such that the system power loss lies within the normalized value as designed. The proposed power flow modeling is also able to provide an overall view of the DC power systems for further network optimization to be carried out in the design and planning stage. It is able to be integrated with emerging technological advances such as direct integration of DC energy storage systems, direct connection and disconnection of DC energy sources and improve the time series power flow analysis together with the consideration of droop control and virtual impedance.
The proposed voltage balancing method is a planning tool to improve on voltage balancing and system efficiency of bipolar DC networks and it depends heavily on the assumption made in the bipolar DC network modelling. It can be applied in a design and planning of such a network, such as DC LED lighting system design and residential DC buildings network. Some of the future works can include voltage balancing of bipolar DC network with multiple single phase DC source integration and unequal node to node resistances in future DC residential networks. The proposed method can be further extended and modified to account for the abovementioned future works. At distribution level, the source current is not always readily available but it can be determined by modeling the node load voltages with a high degree of accuracy. Consequently, the source current component is removed. 
B. System Power Loss Model
The system power loss is modeled as (13) . Taking the definition of current as the summation of load type currents in (1) Substituting the load distribution model, (B-1) can be expressed as (B-2) with the terms represented in (15) and (19) .
P L [X] = (D [E + FX]) T R (D [E + FX]) (B-2)
Upon expansion, (B-2) can be simplified to a binary integer quadratic model as shown in (B-3) and (14) . 
C. System Voltage Unbalance Model
The voltage unbalance model is modeled as (17) . Taking the definition of voltage as the potential difference between two voltage nodes, i.e., V p = V + − V N and V n = V N − V − , (17) can be decomposed in (C-1).
Further reduction using the nodal analysis equations (1) to (3), (C-1) can be reduced to (C-2) with the assumption made that the cable is multi core and the node to node resistance is the same for each distribution cable, ie G = G + = G N Substituting the load distribution model, (C-2) can be expressed as (B-3) with the terms represented in (15) and (19) .
V un [X] = (RH [E + FX]) T (RH [E + FX]) (C-4)
Upon expansion and simplification, the model can be expressed as a binary integer quadratic model as shown in (C-5). 
D. Load and Electrical Network Parameters
